Ground-penetrating radar (GPR) is not commonly used to study lake ice, and in general, the ground-based use of radar frequencies greater than 500 MHz in cryosphere geophysics is rare, due to a general interest in deeper stratigraphy and the difficulty of extensive profiling over rough snow surfaces. Our goal was to find further information on the origin of the deposition and formation of intra-ice layers, bottom topography, and subbottom deposits using GPR with pulses centered near 850 MHz on two permanently ice-covered lakes in the McMurdo Dry Valleys, Antarctica. The profiles were obtained using a one-person sled operation over Lake Bonney, which is typical of lakes in the region, having an ice thickness that ranges between 3 and 5 m, and Lake Vida, where the maximum ice depth is at least 27 m. Lake Bonney exhibits a semicontinuous sediment horizon at approximately a 2-m depth and several minor horizons. In contrast, Lake Vida contains unconformably eroded and folded continuous reflection horizons, packages of minor horizons between major horizons, evidence of incised fluvial deposition along the bottom, and subbottom penetration of at least 4.5 m in some areas. Where the ice thickness is less than 20 m, the lake is frozen to the bottom. Most horizon waveform phase attributes indicate relatively lower permittivity than in the surrounding matrix. Consequently, we interpreted these strata to be caused by layers of pure ice embedded within a salty and dirty ice matrix, which were formed during minor flooding. These findings supported previous conclusions that Lake Vida ice formed from surface runoff in combination with periods of ablation.
INTRODUCTION
Perennially ice-covered lakes are unusual on the earth, being found mostly in the Antarctic with a few examples in the Arctic (Doran et al., 2004) . In comparison with the well-known formation of temperate and polar seasonal lake ice, and multiyear sea ice (Thomas and Dieckmann, 2010) , perennial lake ice is relatively understudied. The most well-researched perennial lake ice exists on the closed-basin lakes of the McMurdo Dry Valleys (MDV) of Antarctica, in part because it is a viable habitat for microbial communities Priscu et al., 1998) . Physical studies have evaluated ablation rates (Clow et al., 1988; Dugan et al., 2013) , sediment melt migration rate into the ice covers (Jepsen et al., 2010) , internal ice stratigraphy , an energy balance approach to predicting ice thickness (McKay et al., 1985) , and historic hydrologic changes (Dugan et al., 2015b) . However, many of these studies draw conclusions from observations at one to a few sites, typically in the center of the lake, which are then assumed to apply across the lake. Little is known about the spatial characteristics of perennial lake ice and its genesis.
Here, we discuss several high-resolution ground-penetrating radar (GPR) profiles obtained across two MDV lakes, Lake Bonney and Lake Vida, which reveal details about the stratigraphic genesis of perennial lake ice. Our objective was to record GPR profiles across the entire lake and with enough time range to record any subbottom penetration. We used pulses in expectation of recording detailed stratigraphy at a 15-cm horizon resolution, and possibly penetrating ice-rich sediments. Until our work, the use of such high-frequency surface-based GPR in Antarctica had only been used to investigate the firn of polar ice sheets (Kanagaratnam et al., 2001 (Kanagaratnam et al., , 2004 Langley et al., 2007 Langley et al., , 2009 ). In the MDV, GPR has been applied in glacial (Arcone and Kreutz, 2009; Shean and Marchant, 2010) and permafrost (Arcone et al., 2002; Bristow et al., 2010) settings, but at frequencies of less than 500 MHz.
This investigation further develops recent findings from ice cores and from lower resolution 400-MHz GPR on Lake Vida that showed that the entire known ice cover formed from surface runoff, that the sediment layers in the ice represent accumulation of surface deposits, and that the ice cover has been subjected to ablation (Dugan et al., 2015a (Dugan et al., , 2015b . However, greater resolution was needed to determine any structure to the horizons. Here, we examine GPR profiles in more detail to reveal processes that contributed to the deposition, ablation, and horizon formation. We also compare results from Lake Bonney with those obtained by a large-scale deployment of an autonomous underwater vehicle used to map the ice thickness and sediment distribution in part of the lake (Obryk et al., 2014) . Lake Bonney, in Taylor Valley (77.72 S, 162.30 E) , and Lake Vida, in Victoria Valley (77.39 S, 161.93 E), Antarctica (Figure 1 ) are closed basin and permanently ice covered (Figure 2a and 2b) . Lake Bonney is a proglacial lake that abuts Taylor Glacier in Taylor Valley. The lake is 4.3 km 2 in area, and it is divided into two lobes, identified as the east lobe of Lake Bonney (ELB) and the west lobe of Lake Bonney (WLB). The Long Term Ecological Research Program operating in Taylor Valley has measured ice thickness at a central location on ELB and WLB from 1996 to present. Measurements taken during the austral spring (October to December) have ranged from 3.31 (2008) (Priscu, 2015) . Lake Vida is 6.8 km 2 in area, and it is unique in that it has the thickest ice cover of any known surface lake on earth (Dugan et al., 2015b) . Ice coring on Lake Vida has reached 27 m, and from an airborne electromagnetic study, it is hypothesized that the ice could be as thick as 45 m (Dugan et al., 2015a) . In 2011, the ice cover on both lakes was relatively smooth (Figure 2c ), which insured almostcontinuous contact between the GPR sled and the lake ice. Only on the edges of both lakes did significant ablation surfaces obscure penetration (Figure 2d ).
METHODS

Location
Ground-penetrating radar
GPR surveys were conducted with a Geophysical Survey Instruments, Inc. (GSSI), SIR-3000, 16 bit, 1-channel acquisition unit and a model 3101 900-MHz antenna on 16-18 November 2011. The actual bandwidth-centered pulse frequency was 850 MHz, providing a 30-cm-long in situ pulse (examples given below) with 15-cm horizon resolution in the ice assuming a relative dielectric permittivity of ε ¼ 3.15. On Lake Vida, we recorded at a time range of 400 ns and we used 2048 samples per trace; on Lake Bonney, we needed only 100 ns. Assuming ε ¼ 3.15, a 400-ns traveltime provides a range of 33.8 m, and 100 ns provides 8.5 m. We processed with a two-pole band-pass filter (400-1300 MHz), applied background removal, and then automatic range gain to approximately equalize gain across each trace. The 2D migration of the data showed no improvement in the image, and it is not applied in our results. However, we did check our radio-wave speeds using software (RADAN7; GSSI)-supplied hyperbola models, which showed that our ε value was correct within 4% error on Lake Vida; the radio-wave speed in the ice is discussed later.
Typically, in early December on Lake Bonney, the ice cover becomes isothermal and porous to lake water as the surface air temper- atures increase. At the time of the survey, drilling revealed that the ice cover on Lake Bonney had not reached this stage, which created favorable conditions for radar acquisition. The GPR system was transported on a fiberglass sled that was pulled across the ice surface ( Figure 2c ). On Lake Vida, one individual with a handheld global positioning system (GPS) pulled the sled at speeds averaging 4.5 km h −1 to collect 14 km of data. On Lake Bonney, the sled was attached behind an all-terrain vehicle that was equipped with a differential GPS and maintained speeds averaging 5-5.5 km h −1 . We collected 11 km of transects on ELB and 7 km of transects on WLB.
Manual ice thickness measurements near the center of each lake ranged from 3.82 to 3.87 m on ELB from 14-15 November 2011 and 3.68-3.74 m on WLB from 15-22 November 2011 (Priscu, 2015) . An ε value and corresponding depth scales were calibrated from transects that coincided with these observed ice thickness measurements in the center of the two lobes. For Lake Bonney, ε ¼ 3.2.
Data from Lake Bonney were analyzed in R statistical software (R Core Team, 2015) . The mean ice surface depth of each survey was adjusted to zero, and ice depths were calculated based on the traveltime to the bottom reflection of the ice and calculated ε. A thresholding routine was used to automate the picking of the ice depth and sediment layers where possible. For each transect, a rolling median filter was applied to smooth ice thickness data. A bicubic spline interpolation routine for irregularly spaced data was then applied to map ice thickness in 20 m 2 bins across WLB.
RESULTS
Lake Bonney
In 2011, the ice cover of Lake Bonney was relatively smooth, and ablation surfaces only impeded GPR efficacy on the northern edge of WLB. Overall, GPR was easily able to penetrate the ice cover on both lobes. Distinct horizons approximately 3.5-4 m below the surface are present in all transects ( Figure 3 ). The ice cover thickness was fairly uniform across both lobes, excluding the lake edges, where the ice began to thin. On WLB, the mean thickness for each transect ranged from 3.44 to 3.84 m, and on WLB, from 3.62 to 3.99 m, all with low standard deviations (Table 1 ). In general, the lake ice thinned from north to south (Figure 4 ). In many cases, a second horizon was detectable approximately 1.5-3 m below the ice surface, which also had a phase structure denoting high to low permittivity. For example, on ELB in transect #24, this secondary horizon was always slightly more than 2 m, whereas on WLB in transect #17, it was consistently less than 2 m. Near the edges of the lake, where the ice cover begins to thin, this internal layer disappears (Figure 3a) .
Automating the picking of the bottom of the ice cover appears to be an effective routine to simplify mapping of ice cover thickness (Figure 4) . Only at select points does this routine seem to fail, but it is unclear whether this is a result of the ice thickness estimate or spline interpolation routine. Accurately automating the picking of the internal layer was difficult, and results appear to pick too deeply, and overestimate the location in many instances (Figure 3c ). Therefore, mapping the depth to the internal horizon was not attempted.
Lake Vida
Lower resolution (400 MHz; 30-cm vertical horizon resolution) GPR has been used on Lake Vida to assess the thickness of the ice and general stratigraphy (Dugan et al., 2015b) . Here, we focus on the more detailed stratigraphy and the bed-ice contact. Transects across the middle of the lake show distinct primary layers with strong horizontal continuity across the lake (Figure 5a ). The profile shows several stratigraphic regimes, including one that is folded, one that is eroded and slightly buckled with distinct rhythmic depositional horizons, and two without rhythmic deposition. There is a prominent angular unconformity between the folded and rhythmic regimes, the ends of which have rough interfaces (Figure 5a) . From approximately 8-to 14-m depth, multiple horizons appear between the brighter horizons ( Figure 5b ). An isolated reflected waveform shows the same half-cycle phase polarity sequence (negative-positive-negative; aka -+ -), which indicates that the horizons represent a relatively low-permittivity layer within the ice matrix (Arcone et al., 2002) . This pulse attribute is peculiar to the antennas of this manufacturer (other commercial systems may radiate a different phase polarity sequence). Along the shore at left is evidence of at least 4.5 m of subbottom penetration, calculated from a realistic ε ¼ 5.5 for ice-rich sediments (Arcone et al., 2002) . At this depth, the lake bed is expected to be frozen (Dugan et al., 2015b) . The apparent lake bottom horizon also has a -+ -halfcycle sequence, indicating a lower value of ε than the surrounding matrix. At the edges of the lake, near the mouth of two major rivers, ice folding, rhythmic horizons, and subbottom penetration are all evident (Figure 6 ). Figure 6 shows three examples from the near shore environment. Figure 6a shows a short section with a horizon of sufficiently strong reflectivity to cause multiple reflections. This is followed by complexly folded and eroded strata, and irregular 20-to 50-cm-high hummocks on the lake bed from 8-to 10-m depth. Figure 6b shows a 5 m tall hump in the subbottom stratigraphy with associated upturned strata on both sides. Figure 6c shows an apparent slump defined by a clear bottom horizon below the near shore shelf. The heavy arrow in this figure indicates subbottom penetration of possibly more than 5 m. Just to its right is a short reflective section that has two multiple reflections that follow.
DISCUSSION AND INTERPRETATION Lake Bonney
There are two major outcomes from our GPR surveys of ELB and WLB. The first is that the ice cover thickness is fairly uniform, apart from the first-year ice on the lake edges. Overall, calculated ice thickness on ELB is slightly thicker than WLB, which agrees with manual measurements. Our results also compare well with those returned from an underwater survey acquired using a large autonomous underwater vehicle (Obryk et al., 2014) . In that study, the ice on WLB was found to thicken by 70 cm from the southern to northern shoreline, in comparison with the approximately 50 cm we estimate. Obryk et al. (2014) report the ice thickness in its water equivalent, whereas we report uncorrected ice thickness. In general, our spatial estimates of ice thickness agree with those found by Obryk et al. (2014) , and they support our simple methodology. Additionally, we validate the assumption by Obryk et al. (2014) of consistent ice thickness patterns from year to year.
The second finding is an internal reflector present in all transects that either corresponds to an area of high sediment density formed from the downward movement of surface sediment into the ice cover or denotes a transition in ice morphology. Sediment accumulates within the ice cover as dark sediment deposited on the ice surface absorbs solar radiation and preferentially melts downward within the frozen ice cover. This process is well described in the literature (Nedell et al., 1987; Squyres et al., 1991; Priscu et Figure 4 . (a) Spatial interpolation of ice thickness on Lake Bonney using a bicubic spline routine. The gray lines denote GPR transects and the edge of the lake. Transect #17 (show in Figure 3c ) is highlighted in black.
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1998; Jepsen et al., 2010) , and it has been shown to be able to penetrate to approximately 2-m depth based on an energy balance model. The sediment usually clumps within discrete packets, rather than as a continuous layer Obryk et al., 2014) , and it can be envisioned as a heterogeneous band within the ice cover. Ice morphology below this sediment band changes to a clear ice with vertical chains of air bubbles, presumably an indication of winter ice growth (McKay et al., 1994; Adams et al., 1998) . We find the internal layer on both lakes fluctuates approximately 2-m depth, which is consistent with observations from drillhole measurements and literature. This is the first time it has been spatially characterized. In all transects near the edges of Lake Bonney, the internal horizon is not present. This is attributable to the fact that all ice at the edge of the lake is first-year ice that melts during the austral summer. Therefore, the internal horizon could be used to map the extent of multiyear ice on the lake.
Lake Vida
Cause of horizons, subbottom penetration, and the matrix ε
Nearly every horizon exhibits the same -+ -phase structure, indicating a relatively low permittivity layer. Even the apparent lake bottom horizon has this structure. This can only be caused either by a layer of low-density ice, such as hoar or eroded ice, or by the ice matrix ε being actually slightly higher, so that these horizons represent layers of pure ice. As mentioned above, measurements of ice thickness on Lake Bonney provide ε ¼ 3.2, and the ice on Lake Vida may contain more salts because they cannot be rejected into the water column due to new ice-forming layers on top of old ice (Dugan et al., 2015a) . Values of ε > 3.2 at very cold temperatures have been measured in the laboratory on artificially grown sea ice (Arcone et al., 1986 ). An ε as high as 3.4 would shrink the depth scale of our figures by only 4%. Below the bottom horizon, the underlying ice is sediment rich, which elevates the ε of the subbottom and would also help to cause this phase structure, given that the ice just above the bottom layer may be slightly salty.
Subbottom penetration of Lake Vida was possible because the ice is grounded to the bed in the upper 20 m, like a cold-based glacier (Dugan et al., 2015a) . This penetration of at least 4 m could only be achieved in frozen, ice-rich sediments, especially at 850 MHz. The sediment could contain coarse gravel and still avoid imposing scattering losses, so long as the particle sizes were less than the in situ wavelength (Liu et al., 2013) . The finding by Murray et al. (2012) and Dugan et al. (2015a) that the brine reservoir lies several meters below the lake ice is consistent with this depth of penetration. Our ability to effectively image shallow lake bed features, is similar to investigations using GPR on cold, temperate freshwater lakes (Fuchs et al., 2004; Parker, 2010) .
Primary and multiple horizons
We interpret all of the horizons to comprise primary reflections from layers that are thinner than the pulse wavelength of 30 cm. In this case, there are no multiple intralayer reflections. As a thin layer thickens, an extra oscillation of equal amplitude will first appear, and then finally a multiple separates. For example, at 850 MHz and ε ¼ 3.15 for a fresh water layer, the in situ wavelength is approximately 20 cm (2/3 pulse wavelength). If the surrounding matrix has ε ¼ 3.3, then a 9 cm layer is required to produce one extra half-cycle, which is as strong as the previous half-cycle (Figure 7) . Therefore, for layers <8 cm in thickness, there are no multiples. If the layer was 30-cm thick, then there would be two distinct and equally strong pulses, but with the second having the phase reversed. In Lake Vida, there is no indication of this, only pure wavelets with only three half-cycles (Figure 5b) . Consequently, the lower amplitude oscillations between these distinct pulses are also likely primary reflections, but they are too close to resolve, and so they appear as if they are multiples. At a 400-MHz resolution, some primary reflections overlap to give the appearance of intralayer multiples (Figure 5c ). 
Unconformities
During our survey, we find major unconformities and strong erosion of the surface near the shores (Figures 5 and 6 ). The superimposed dashed line is a hypothetical reconstruction of the original ice ( Figure 5 ). Consequently, it appears that the erosion took place as the ice buckled, and the buckling was most significant near the shores.
Folding and buckling
Folding or possible buckling occurs both at a large scale (Figure 5 , across most of the basin) and at a small scale. The small scale buckling is peculiar because it occurs only within a few meters thickness. We suggest that this ice may be extra saline and plastic, and possibly buckled independently of the ice above and below it, having moved slowly along saline planes of weakness. Most peculiar is the symmetrical hump along the bottom (Figure 6b ). The strata surrounding it are upturned, as if this hump represents an upward intrusion that displaced and compressed the ice. It seems unlikely that the ice around it has undergone compression from both ends of the lake. One explanation may be that the mound is a salt intrusion or a saltrich pingo.
Fluvial bedforms
The unusual geomorphic features on the lake bed near the edges of Lake Vida may be explained by the fact that the lake level has been rising for the past three decades (Barrett et al., 2008; Doran, 2015) , and it is calculated to have risen approximately 8 m over the past century (Dugan et al., 2015b) . There are three rivers that flow into Lake Vida, one at the west end that drains from Upper Victoria Glacier, and two at the east that drain from Lower Victoria Glacier and Clark Glacier. In all three cases, the mouth of the river follows an incised channel into the lake. It is likely that as the lake level has risen, ice has accreted on the top of, and therefore preserved, fluvial geomorphic features (Figure 6 ). Near the eastern edge of Lake Vida, a concave dip in the ice-bed contact may be a relic river channel, with infilled scour above it (Figure 6c ). Apparent discontinuities, approximately 5-m below the surface at the western and eastern edges of the lake, could be fictional due to ablated surface conditions near the edge of the lake interfering with signal paths, or could represent brine/water pockets trapped in the upper ice (black arrows in Figure 6a and 6c).
CONCLUSION
Our 850-MHz profiles provide images of unusual lake features for which our explanations are provisional, but supply new hypotheses for further investigation. Localized folding and bottom intrusion are likely consequences of the saline nature of the lake ice and of the bottom sediment-rich ice, respectively. We recommend surveys with lower-frequency antennas for gathering more subbottom information to see if any such structures have subsurface origins or if they are a bottom depositional feature.
This high-frequency GPR has proved an effective geophysical tool for investigating the stratigraphy of lake ice on two contrasting polar lake systems. In this setting, it is a simple and cost effective tool that can help us to understand spatial limnological characteristics. Drawn from these investigations, the following are potential applications of GPR on multiyear lake ice: 1) Mapping ice thickness: Ice thickness measurements are usually recorded from ice holes augured through the ice pack. As little as one in situ measurement could be used to calibrate GPR surveys across the entire ice cover. 2) Resolving perennial ice: The change in ice morphology and presence of sediment in the ice cover may indicate the presence of perennial ice, as models suggest two years for sediment to migrate 2-m downward (Jepsen et al., 2010) . This information would be valuable in settings that experience total ice loss only in some years (Paquette et al., 2015) . 3) Mapping internal horizons: Sediment layers in the lake ice provide a unique habitat for microbial communities to thrive in . Here, we show that the vertical displacement of sediment into an ice pack can be spatially delineated.
Future studies should correlate internal horizons resolved in GPR with total sediment concentration or the chemical composition of the ice, or the lack thereof. Sediment load in the ice cover is an important regulator of light transmission into the water column, which is essential for autotrophic primary productivity. Quantification of sediment load could be an effective means of estimating ecosystem habitability in the underlying water column.
